The copper hydride nanocluster (NC) [Cu 29 Cl 4 H 22 (Ph 2 phen) 12 ]Cl (2; Ph 2 phen = 4,7-diphenyl-1,10-phenanthroline) was isolated cleanly, and in good yields, by controlled growth from the smaller NC, [Cu 25 H 22 (PPh 3 ) 12 ]Cl (1), in the presence of Ph 2 phen and a chloride source at room temperature. Complex 2 was fully characterized by singlecrystal X-ray diffraction, XANES, and XPS, and represents a rare example of an N* = 2 superatom. Its formation from 1 demonstrates that atomically precise copper clusters can be used as templates to generate larger NCs that retain the fundamental electronic and bonding properties of the original cluster. A time-resolved kinetic evaluation of the formation of 2 reveals that the mechanism of cluster growth is initiated by rapid ligand exchange. The slower extrusion of CuCl monomer, its transport, and subsequent capture by intact clusters, resemble elementary steps in the reactant-assisted Ostwald ripening of metal nanoparticles.
Introduction
Understanding the mechanisms of nanocluster (NC) formation and growth is an important step toward the tailoring of nanocluster structure and properties.
1-2 An emerging method for controlling the size and structure of nanoclusters involves ligand exchange to induce a transformation from one stable cluster to another. 1, [3] [4] [5] [6] Although such ligand exchange reactions are commonly used to introduce new functional groups onto the surface of clusters while preserving the original core size, they can also lead to changes in the shape and/or size of the metal core. [3] [4] [5] 7 24 ]. 8 Similarly, thiolate ligand exchange mediates the conversion of a Ag 44 cluster into a smaller Ag 25 cluster. 9 In both of these examples, the change in cluster size likely occurs via thermally-induced disproportionation of an unstable intermediate in the presence of a very large excess of the new ligand, a process which has been called ligand-exchange-induced size/structure transformation (LEIST). 1, 10 Generally speaking, however, the mechanisms of ligand exchange and cluster rearrangement are still poorly understood, and researchers are only now beginning to probe these questions. 11 Nevertheless, the resemblance to reactant-induced Ostwald ripening and disintegration of metal nanoparticles is intriguing. [12] [13] Moreover, examples are restricted to less reactive gold and silver NCs; copper NCs with metallic character are significantly rarer due to their much higher susceptibility to oxidation. In fact, to our knowledge, only two such complexes are known, namely, [(Cp*AlCu) 6 H 4 ] and [Cu 25 H 22 (PPh 3 ) 12 ]Cl (1). [14] [15] Herein, we describe the synthesis and structural characterization of the largest copper superatom known to-date, namely, the novel Cu 29 nanocluster, [Cu 29 Cl 4 H 22 (Ph 2 phen) 12 ]Cl (2). This material was generated via an unprecedented cluster growth mechanism, involving ligand exchange at room temperature, followed by CuCl monomer dissociation and capture by a previously assembled Cu 25 core. We also probe its electronic and geometric structure using X-ray absorption spectroscopy, and assess the rate law for its formation using timeresolved UV-vis spectroscopy.
Results and Discussion
Addition of 16 equiv of 4,7-diphenyl-1,10-phenanthroline (Ph 2 phen) to a dark green solution of [Cu 25 12 ]Cl (2), as a deep blue-black crystalline material in 84% yield (Scheme 1). While just 12 equiv Ph 2 phen are formally required to form 2, according to the stoichiometry of the reaction, the product was isolated in higher purity and yield when the reaction was performed in the presence of a small excess of the ligand. Reaction of 1 with 1,10-phenanthroline also yields a deep blue product, which is likely isostructural with 2 based on NMR spectral and ESI mass spectrometry data; however, single crystals of this complex were not obtained.
Scheme 1. Two Synthetic Routes for Cluster Expansion to Complex 2
Complex 2 crystallizes in the trigonal space group P31c as a benzene solvate, 2•16.5C 6 H 6 (Figure 1 ). In the solid state, it features a central core of 13 Cu atoms arranged in a centered-icosahedron. Notably, this is the same core structure found in the precursor cluster, 1, which also features a central Cu atom with a coordination number of 12.
15 The M 13 icosahedral core is a common structural motif in nanoclusters, and is also found in [Au 25 (Figure 1c ), while 12 [Cu(Ph 2 phen)] units are distributed around the cluster in six -stacked pairs (Figure 1b) . The distance between the Ph 2 phen ligands is 3.3 Å, in-line with typical π-stacking interactions. [21] [22] As was observed for complex 1, complex 2 occupies the high symmetry T point group. Interestingly, the majority of the Cu-Cu distances in 2 exhibit a relatively narrow range (2.537(3)-2.817(3) Å); only four of 96 Cu-Cu bonds (3.286-3.303 Å) fall outside this range (Figure 2b ). This narrow distribution is reminiscent of the highly ordered structure of the bulk metal, although we note that the average Cu-Cu distance in 2 is somewhat longer (av. 2.65 Å) than the distance in bulk Cu (2.556 Å). 23 In contrast, complex 1 contains Cu-Cu bond distances that cover a much wider range (2.389(3)-3.037(3) Å) (Figure 2b) , even though the arrangement of the Cu atoms in both nanoclusters is comparable. 15 Most importantly, the isolation of 2 gives credence to the idea that small nanoclusters, such as 1, can be used as templates for larger nanoclusters. Templated growth of nanoclusters has only been observed in a few instances, usually requiring significant thermal activation, and often occurs with major structural rearrangement. 28 The effect of C is evident in t spectra (XANE mum absorban peak superimp spectrum of 2 and 2 show we foil, consistent the edge posit sides between (8979.0 eV) an (8980.0 eV) an sistent with an and +1 (Table  1848. (Table   range of Cu-C sted in its exte AFS) (Figure 2b FT magnitude corrected R-sp scattering is vi ers. In contrast mmetrical peak range of Cunction with a ry curvefit to closed-shell 1 c structure wit mples, includin PPE) 8 (DPPE u 11 (SR) 9 , an operties of com paringly solub nd nonpolar so ion for at least in CH 2 Cl 2 grad od, changing s is likely due t in formation n products. 6 A the presence it is highly O ithin 10 min up itivity of 2, rel s a consequenc bond, 28 which riving force fo akes copper h it also provid copper hydrid organic transfo uster nucleari ption near-edg Both the max hiteline) and th e intense in th ge region, both ntensity than C es. At 8979.5 eV hat for 1 and r in the bulk fo as [CuH(PPh 3 ) V). 15 This is con for 2 between er parameter, s for bulk Cu( and tetranucle respectively), for 2. A simil he N:Cu ratio as the expecte e S4).
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uch faster in t [3] increases. he first-order in s improves as e the reaction rder. The depe t and 15 Such studies promise to provide the first quantitative descriptions of nanocluster growth kinetics, in contrast to polydisperse nanoparticle systems whose descriptions remain largely qualitative despite advances in in situ observations. 12 In future studies, X-ray absorption spectroscopy could provide important information about transient species, nanoclusters generated in situ, and supported nanoclusters for which single-crystal X-ray diffraction is not possible. More detailed measurements will likely yield information that can be used to understand and predict the driving forces and barriers for cluster rearrangement, and for benchmarking computational models. 29 Ultimately, we expect that a better understanding of cluster behavior and structure will advance the design of nanoclusterbased materials for technological applications in sensing, optical imaging, nanomedicine and catalysis.
ASSOCIATED CONTENT Supporting Information
X-ray crystallographic details (as a CIF file), experimental details, spectral data, and additional figures and tables. This material is available free of charge via the Internet at http://pubs.acs.org.
AUTHOR INFORMATION
Corresponding Authors *hayton@chem.ucsb.edu *sscott@engineering.ucsb.edu
Notes
The authors declare no competing financial interests.
